ABSTRACT: Visualization of biological processes and pathologic conditions at the cellular and tissue levels largely relies on the use of fluorescence intensity signals from fluorophores or their bioconjugates. To overcome the concentration dependency of intensity measurements, evaluate subtle molecular interactions, and determine biochemical status of intracellular or extracellular microenvironments, fluorescence lifetime (FLT) imaging has emerged as a reliable imaging method complementary to intensity measurements. Driven by a wide variety of dyes exhibiting stable or environment-responsive FLTs, information multiplexing can be readily accomplished without the need for ratiometric spectral imaging. With knowledge of the fluorescent states of the molecules, it is entirely possible to predict the functional status of biomolecules or microevironment of cells. Whereas the use of FLT spectroscopy and microscopy in biological studies is now well-established, in vivo imaging of biological processes based on FLT imaging techniques is still evolving. This review summarizes recent advances in the application of the FLT of molecular probes for imaging cells and small animal models of human diseases. It also highlights some challenges that continue to limit the full realization of the potential of using FLT molecular probes to address diverse biological problems and outlines areas of potential high impact in the future.
INTRODUCTION
Singlet-state fluorescence occurs when a fluorophore absorbs radiation of specific energy followed by the emission of photons as the molecule returns to the ground state. Because energy is lost between the excitation and emission processes, fluorescence is emitted at a higher wavelengths than those of the excitation radiation. 1 Several factors affect molecular fluorescence, including the molecular structures and associated vibrational energy levels as well as the physical and chemical environment of the fluorophores.
1,2 Perturbation of the fluorescence of many organic molecules could decrease the quantum yield at the same emission wavelength or cause spectral shift. Both effects are useful for biological applications. Within linearity, changes in the fluorescence intensity can be used to determine the concentration of fluorophores in a medium. Shifts in the spectral profile of fluorophores can provide quantitative data via ratiometric measurements at two different wavelengths. Although these approaches are highly reliable for reporting biological events in solutions or shallow surfaces, enhanced light scattering and absorption in heterogeneous mediums such as cells and tissue can adversely affect the fluorescence intensity in a less predictable manner. For these reasons, most fluorescence measurements in cells and tissue are typically reported in a relative intensity measurement using calibration standards or by self-referencing.
Unlike fluorescence intensity-based imaging, fluorescence lifetime (FLT) of molecular probes is less dependent on the local fluorophore concentration or the method of measurement, which minimizes imaging artifacts and provides reproducible quantitative measurements over time. 1 The FLT of fluorophores is the average time a molecule spends in the excited state between absorption and emission of radiation before returning to the ground state. 1 Accurate determination of the FLT of fluorophores and application in biological imaging and spectroscopy depend on both instrumentation and understanding of the fluorophore system. The FLT of a fluorophore can be measured by spectroscopic, microscopic, or in vivo imaging methods. Several FLT instruments are commercially available for spectroscopic and microscopic FLT measurements. For in vivo imaging, many studies rely on custom-built FLT systems 3 because the only company (ART, Advanced Research Technologies, Canada) producing a commercial system is no longer operational. Because several papers have reviewed advances in FLT measurement methods and devices, this review will focus on fluorophore systems and how changes in their FLT contribute to our understanding of biological events. FLT of a molecule changes with small changes in the immediate microenvironment of the molecules and therefore can be used to report cellular and molecular processes with very high sensitivity. 1 Classification of molecular probes used for FLT imaging can be based on their FLT properties, emission wavelengths, or response to specific biological microenvironment. 4 Figure 1 shows some fluorophore systems commonly used for lifetime imaging and the range of their photoluminescence lifetimes. To simplify this review, we have broadly narrowed the types of molecular probes used in FLT imaging into endogenous and exogenous imaging agents. Our discussion of the exogenous agents is grouped into stable as well as chemical and physical environment responsive FLT fluorophore systems. Our discussion primarily focuses on singlet-state fluorescence.
ENDOGENOUS FLT FLUOROPHORES
Most biospecimens possess intrinsic fluorescence because of the presence of some fluorescent biomolecules such as aromatic amino acids, fluorescent pigments, reduced nicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide (FAD), porphyrin, and some structural proteins. 5 The expression levels or locations of these biomolecules can inform investigators on the functional status of cells and tissue. Several studies have utilized FLT imaging to differentiate healthy from diseased tissue. Examples of this include atherosclerotic plaques 6, 7 and various types of tumors. 8−10 Below is a summary of the application of the most commonly reported endogenous fluorophores in FLT imaging.
2.1. Melanin. Melanin (ex/em: 340−400/360−560 nm) is a pigment produced by melanocytes and widely present in living organisms. 11 FLTs of melanin range up to ∼8 ns. 5 Current literature has focused on studying FLT of melanin in healthy and cancerous skin. Studies have shown that the FLT of melanin can discriminate between healthy skin and basal cell carcinoma (BCC) as well as melanoma in fresh biopsies. 12, 13 Another work demonstrated a significant difference in FLT between keratinocytes and melanocytes, information that was used to characterize melanoma. 14 FLT of melanin has also been used as the baseline indicator for detecting oxidative stress conditions in retinal pigment epithelial cells. 15 With the miniaturization of FLT systems, it is expected that FLT measurements can be used to screen suspicious lesions at pointof-care settings in the future.
2.2. NAD(P)H/FAD. NADH and its phosphate derivative NADPH (ex/em: 350/450 nm) are the dominant endogenous fluorophores in cells participating in cell metabolism, reductive biosynthesis, antioxidation, cell signaling, aging, and regulation of apoptosis. 16 They have a mean FLT ∼2.3−3.0 ns when bound to proteins and a short FLT ∼0.3−0.4 ns in free form. 5 Their FLTs are sensitive to solvent polarity and viscosity and are affected by their dynamic quenching in the presence of adenine moiety. 17, 18 FAD is another endogenous fluorophore that plays the role of redox cofactor in cells. FAD emits at a longer wavelength (ex/em: 450/535 nm) than NAD(P)H. Only the unbound form of FAD is fluorescent, with an FLT of 2.3−2.9 ns. 5 The complementary metabolic functions of FAD and NAD(P)H allow the use of their FLT changes to report the metabolic state of cells. Physiologic parameters such as pH and O 2 levels as well as changes in tyrosine or tryptophan concentrations and local temperature are readily obtained from NAD(P)H/FAD FLT measurements. 19 FLT of NADH has been extensively studied in early detection and diagnosis of skin cancer. A recent study reported measuring the FLT of NADH at different depths from the tissue surface in fresh biopsies of both healthy skin and BCC. Different mean FLTs ranging from 800 to 950 ps were measured along different healthy skin layers. This is attributable to differences in the metabolic state of different layers of healthy tissue. In contrast, negligible variation of FLT was observed in BCC skin layers because BCC is characterized by hyperproliferation of basal cells inside the epidermis, obviating the cellular differentiation typical of healthy skin. 20 The inverse relationship between the FLT of protein-bound FAD and NAD concentration (a nonfluorescent oxidized form of NADH) has been used to determine NAD level in cells. 21 In a recent clinical investigation, diffuse reflectance and time-resolved autofluorescence spectra of skin was used to correctly diagnose 87% of the BCCs in 25 patients. 22 Another clinical study described a significant difference between the mean average autofluorescence (including contribution from NADH) lifetimes (570 ± 740 ps) using 47 endoscopic specimen of normal and neoplastic (adenomatous polyp) excision biopsy/resection samples from colon. 23 Imaging of brain activity has become an exciting field of research because of the potential to predict a variety of neurological diseases via imaging. In optical imaging, absorption mode is currently used to map brain activity, but this method relies heavily on subtle changes in the ratio of oxy-and deoxyhemoglobin. To improve detection sensitivity, the FAD/ NAD(P)H fluorescence ratio can be used to determine changes in cellular metabolism during neuronal activity. However, FLT measurements may provide more stable longitudinal data in high-throughput format by measuring the FLT of either NAD(P)H or FAD at a single wavelength. 8, 24 This information can then be correlated with other factors without the need to measure multiple FLTs. NADH and FAD lifetimes have also been employed to accurately distinguish healthy hearts from diseased hearts with infarcted myocardium in rat models. 25 
EXOGENOUS FLUOROPHORES
The shallow penetration of light in the ultraviolet and visible light regions of the electromagnetic spectrum, as well as the low expression of a target endogenous fluorophores in tissues of interest, confines the applications of these measurements to specialized cases of pathophysiology. In addition, the weak and nonspecific nature of the endogenous fluorescence further requires long signal acquisition time and sophisticated image analysis software to enhance detection sensitivity and decipher different types of tissue. These limitations can be overcome by the use of exogenous contrast agents. The FLTs of some fluorophores are minimally affected under diverse biologically relevant conditions. These molecules provide stable FLT imaging data in different tissues. In many cases, the local environment can alter the FLTs of other fluorophores. To achieve specific response, changes in FLTs can be induced through diverse molecular designs. Selective delivery of many fluorescent molecules to target cells or intracellular compartments is typically achieved by conjugating the fluorophores to biomolecules. Depending on the fluorophore, conjugation can retain or alter the FLT of the dye. A recent study showed that conjugation of rhodamine derivatives to amine dendrimers altered the FLT based on the ratio of dye to dendrimer. 26 This provides a simple method to determine the number of substituents per dendrimer and could be used to distinguish free versus covalently bound dye molecules. We highlight these different molecular imaging strategies below based on the FLT of fluorophores.
3.1. Static FLT Probes. Fluorescent molecular probes and nanoparticles that do not exhibit significant changes in their FLT in biological medium are static FLT probes. Stability of the FLTs provides reliable imaging signal over time and can be used to improve the spatial resolution of the molecular probe distribution without distortion from intractable FLTs in different compartments. For example, the stable FLT of fluorescent nanodiamonds, which is distinct from tissue autofluorescence FLT, was successfully used to track lung stem cells in vivo. 27 Static FLT molecular probes are particularly useful in information multiplexing. By targeting different biomolecules with molecular probes exhibiting different FLTs, quantitative ratio-imaging can be readily achieved without compensating for imaging artifacts encountered in intensitybased measurements. A unique feature of this approach is the potential to image fluorophores with similar excitation and emission wavelengths but with different FLTs (Figure 2 ). 28 This capability overcomes wavelength-dependent attenuation of light in tissue, which affects fluorescence intensity readouts. Furthermore, the limited number of emission channels in regular confocal microscopes or in vivo imaging systems limits the scope of intensity-based multiplex imaging or cell sorting. In contrast, it is possible to track different types of cells labeled with fluorescent dyes of distinct FLTs in small animals or in culture to understand disease pathology. 28, 29 3.2. Responsive FLT Molecular Probes. Unlike stable FLT molecular probes, the need to quantitatively interrogate molecular processes without resorting to ratiometric imaging techniques has stimulated the design of reporter molecules that change FLT as a function of their environment. These designs utilize similar approaches used to develop intensity-based activatable molecular probes. 30 We have classified these FLT imaging agents on the basis of the response mechanism: biomolecular, biochemical, and biophysical.
3.2.1. Biomolecular Binding-Responsive FLT Molecular Probes. Many fluorescent probes are designed to alter their FLTs in response to biological events. Forster resonance energy transfer (FRET) technique is particularly useful for reporting molecular interactions in vitro and in vivo. Adjacent fluorophores can perturb the residence time of fluorescent molecules in the excited state, leading to a decrease in the average residence time in this state. Although FLT is less dependent on fluorophore concentration, detectable fluorescence signal is still required to measure this parameter. In molecular designs where the fluorescence is completely quenched, FLT imaging would resemble traditional fluorescence enhancement via activatable probe method. However, instead of reporting increase in fluorescence intensity, a wellcalibrated FLT decrease relative to the distance of the quenching or acceptor molecule could be used to determine distance-dependent molecular interactions with high accuracy. Here, energy transfer from a fluorescent donor to an acceptor molecule is expected to decrease the donor FLT. In this section, we discuss FRET-based studies that alter FLTs through biologically induced disruption of interaction between the acceptor and donor fluorescent molecules.
FLTs of fluorescent proteins (0.1−4 ns) used to design donor−acceptor FRET pairs provide excellent FLT maps of biomolecular interactions or activities by fluorescence lifetime imaging microscopy (FLIM). Examples of fluorescent protein pairs for FRET-based FLIM include green fluorescent protein (GFP)−DsRed (ex/em: 395/509−554/586 nm), 31 GFP− mCherry (ex/em: 395/509−587/610 nm), 32 cyan fluorescent protein (CFP)−Venus (ex/em: 435/485−515/528 nm), 33 and CFP−yellow fluorescent protein (YFP) (ex/em: 435/485− 514/527 nm). 34 Small organic dyes (FLT: 0.1−90 ns) that undergo FRET are also used for FRET-based FLIM. Examples of such pairs include Alexa Fluor (AF) 488−Cy3 (ex/em: 495/ 519−550/570 nm), 35 AF488−AF647 (ex/em: 495/519−650/ 665 nm), 36 Cy3−Cy5 (ex/em: 550/570−650/670 nm), 37 and AF700−AF750 (ex/em: 702/723−749/775 nm). 38 Lanthanides paired with organic dyes 39 or with fluorescent proteins 40 have also been used as FRET donors because of their stable and long FLTs (micro-to millisecond). 4 FRET-based techniques using FLT measurements are perhaps the most widely used approach to image molecular interactions in cells. Recent comprehensive review articles on FLT-based FRET studies are available. 4, 41 To maintain the concise nature of this review, we have confined our examples to representative citation for each application described below.
FRET-based FLT molecular designs have been used to report the activity of enzymes, such as proteases. This approach is particularly useful for endoproteases, where the amide cleavage site is flanked by several amino acids, allowing the incorporation of donor−acceptor fluorescent molecules at both ends of a peptide substrate without disrupting the enzyme activity. Examples include imaging the use of caspase-3 FRET-FLT substrate to image the upregulation of caspase-3 in cancer. 42 Similarly, a FRET pair consisting of fluorescein (ex/ em: 494/521 nm; donor)−bovine serum albumin (BSA; acceptor) conjugate was used to determine intracellular proteolysis of BSA via FLT increase from 0.5 to 3.0 ns. 43 Instead of using dynamic donor−acceptor fluorophore quenching for FRET, some investigators prefer static quenching using macromolecular self-quenched probe designs. Here, multiple fluorescent molecules are linked to a polymeric or large molecule to alter the absorption and, most often, quench the dye fluorescence. By using FLT instead of intensity measurement, high fluorescence quenching, which could affect enzyme recognition of the substrate, is not necessary. A change in FLT from the initial value will then be used to track biological activity. Recently, Goergen et al. 44 synthesized a cathepsin B activatable macromolecular probe using IRDye 800CW (ex/em: 778/794 nm). Spectroscopic analysis showed an FLT increase upon cleavage of specific amide bonds by cathepsin B. In vivo FLT imaging of cathepsin B activity in mouse infarcted myocardium was achieved with the molecular probe. FLT imaging was able to distinguish nonspecifically accumulated molecular probe in the liver from the cathepsin B activated reporter system in the infarcted regions. 44 A similar study by Solomon et al. employed a self-quenched enzyme cleavable FRET probe, MMPSense750 FAST (ex/em: 749/775 nm), for imaging the expression of matrix metalloproteinases in tumor-bearing mice. 45 Alford et al. further demonstrated the versatility of this FLT approach by conjugating transtuzumab (which targets human epidermal growth factor receptor 2 (HER2/neu) receptor) with AF750 (ex/em: 749/775 nm). 46 Digestion of the antibody upon cellular internalization released the dye molecules, leading to predictable FLT increase. 46 Conjugation of some molecular probes with biomolecules can alter their FLT, which can be used to determine successful conjugation and molecular interactions. For example, the glucose sensor, Badan (ex/em: 400/550 nm), has a low FLT (∼0.8 ns) in the native form, but it increases to ∼3.1 ns when bound to glucose. 47 Similarly, conjugation of Cy5.5 (ex/em: 673/707 ns) with an antibody targeted to human CD20 antigen for studying B-cell malignancies 48 exhibited variable FLTs in the tumor core (1.83−1.93 ns) and periphery (1.7−1.75 ns). Ardeshirpour et al. recently synthesized a DyLight750-labeled affibody, which targets HER2 receptor (ex/em: 754/776 nm), and demonstrated that the bioconjugate shows 150 ps higher FLT when bound to HER2 in tumor than when bound to nontumor tissue in mice. 49 The FLT of fluorescent Hilyte Fluor 488 (ex/em: 497/525 nm) conjugates of amyloid β (Aβ) peptides were shown to decrease from 3.7 ns in monomeric form to <3.3 ns upon aggregation. This feature was used to study the kinetics of cellular amyloid formation, which is implicated in Alzheimer's disease. 50 With the aid of superresolution microscopy and FLIM methodology, the study showed good correlation of the observed dye FLT with the shape and size of the Aβ aggregates in situ.
Some fluorescent cell-permeable drugs such as doxorubicin (ex/em: 470/530 nm) intercalate with DNA, transforming its FLT from ∼1.1 ns in free form to ∼2.4 ns when bound to DNA. 51 Because this anticancer drug exerts its therapeutic effect in the nucleus, FLT mapping could be used to determine the therapeutic component of the internalized drug concentration.
Changes in FLT based on biomolecular interactions could improve the information content available to scientists in the local tissue environment of interest. Not only can this approach be used to localize tumors, for example, but also it could report the response to treatment by depletion of a target protein known to alter the molecular probe's FLT.
3.2.2. Biochemical Environment-Responsive FLT Molecular Probes. The biochemical compositions of cells and tissues of living organism are tightly controlled to achieve homeostasis, but pathologic conditions can significantly alter the concentrations of various ions and electrolytes. As a result, a variety of detection schemes have been developed to determine concentration and distribution of these biochemicals in cells and living systems. Although FLT imaging studies in this area are limited, we highlight below some studies of interest that are expected to grow in the future. measuring pH-induced changes in the fractional contribution of each component to the average FLT. Unfortunately, the FLT of many fluorophore systems does not respond in the physiologically relevant pH region (pH 4.8−7.4). 4 Representative examples of widely used FLT sensors of pH include (2′,7′-bis(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, a fluorescein based indicator that exhibits significantly different FLTs of 2.75 and 3.9 ns at pH 4.5 and 8, respectively. 52 The protonated and deprotonated states of fluorescent imidazoles (ex/em: 320− 520/560−700 nm) possess two distinct FLT of 0.3 and 0.5 ns, respectively. 53 Similarly, the FLT of enhanced GFPs (EGFP; ex/em: 488/509 nm) is 2.4−3.0 ns at pH 7.5, which decreases to 1.0−1.7 ns at pH < 5.6. 54 These fluorophore systems can, therefore, be used for ratiometric or direct readout of pH after appropriate calibration. The lower dependency of the FLT on fluorophore concentration minimizes errors that result from intensity variations associated with differences in fluorophore concentration rather than with differences in underlying local pH.
Acid-sensitive biodegradable near-infrared (NIR) fluorescent nanoparticles were recently synthesized, and their stability under different acidic conditions was studied by FLT technique. 55 In the presence of BSA solution at pH 7, FLT of 0.36 ns constituting 93% fractional contribution was determined, which corresponds to the value of the free NIR dye in aqueous environment. The result indicated that the dye was not exposed to BSA, which typically increases its FLT, and that the interior of the nanoparticles was hydrophilic. Timedependent measurement of the FLT under acidic conditions (pH 4) showed the emergence of a second FLT of 0.98 ns with a fractional contribution of 74%, demonstrating the hydrolysis of the acid-labile linkages in the nanoparticles and the release of the sequestered dye molecules. The new FLT corresponds to the BSA-bound NIR dye used in this study. Computing the ratio of the 0.36 and 0.96 ns FLTs facilitates the determination of degradation rate under diverse acidic conditions. To optimize biological imaging of pH using the FLT method, new pH-sensitive NIR FLT molecular probe LS482 (ex/em: 700/715−950 nm; Figure 3 ) 56 with pK a ∼5.5 was developed. The molecular probe delivers steady-state FLT pH sensitivity with two distinct FLTs for protonated (∼1.16 ns in acidic dimethylsulfoxide) and deprotonated (∼1.4 ns in basic dimethylsulfoxide) components. 56 See Figure 3 for more details.
Many organic fluorophore systems possess short FLTs that fall within the regime of endogenous fluorophore FLTs. In addition, the FLTs of organic fluorophores also have very small dynamic ranges, requiring high temporal resolution and sophisticated software to extract information from small FLT changes in heterogeneous media such as cells and thick tissue. To enhance FLT application in cells and living organisms, inorganic nanoparticles possessing long FLTs, such as quantum dots (QDs), have been explored. Although long FLT is desirable, the associated long acquisition time will be less practical for imaging molecular processes on a reasonable time scale. A recent study showed that modulation of CdTeSe/ZnS QDs (ex/em: 488/750 nm) FLT with a pH-sensitive NIR organic carbocyanine dye, LS662, could increase the FLT dynamic range for pH sensing. 57 FLT of the hybrid nanoconstruct ranged from 29 ns at pH > 7 to 12 ns at pH < 5.
The FLT technique was recently used to image intracellular pH. 58 The FLT of mercaptopropionic acid-capped QDs (ex/ 59 with predictable FLT changes from 4.7 to 3.7 ns between pH 4.4 and 8. Similarly, Carlini et al. reported the local pH in cellular organelles using pH-sensitive CdSe-ZnS QDs or a dopamine− QD conjugates (ex/em: 570/580 nm). 60 Distinct FLTs were reported in different cellular organelles. The FLTs of cells treated with CdSe-ZnS QDs were 1.7, 6.6, and 2.3 ns in the endosome, cell membrane, and cytoplasm, respectively. Similarly, different FLTs of 1.2, 2.9, and 2.3 ns were found in cells treated with QD-dopamine conjugates in the same respective organelles, but the trend was the same in both cases (Figure 4 ).
The ensemble of these studies demonstrate the high potential of using FLT reporting strategy to elucidate pHmediated molecular events. As the calibration curves for these molecular probes become more reliable in cells and tissue, it is anticipated that FLT measurements will become an important imaging technique for interrogating diverse cellular and pathophysiological processes in future.
3.2.2.2. Electrolyte-Responsive FLT Molecular Imaging Probes. In addition to hydrogen ions discussed above, the FLT technique is widely used to determine the presence or concentration of many biologically useful electrolytes. In most molecular probes, binding of the ions to the fluorophore systems induces a significant change in the FLT, which can provide an excellent FLT map of physiological processes. For example, the binding of chloride ions to N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE; ex/em: 355/ 460 nm) decreases the molecular probe's FLT from 5.9 to 3.4 ns, and this information has been used to study the salivary glands of cockroaches ( Figure 5) . 61 Similarly, the selective binding of calcium and sodium ions to Oregon Green BAPTA-1 (ex/em: 494/523 nm) 62 and Sodium Green (ex/em: 506/ 532 nm), 63 respectively, generates distinct FLT changes for mapping signal activation or biological activity. Other molecular probes such as a monoboronic acid-naphthalimide derivative (ex/em: 465/525 nm) 64 and thieno-imidazole based polymer (ex/em: 375/390 nm) 65 have been developed for detecting copper and zinc, respectively. The FLTs of these molecular probes range from ∼0.5 to ∼10 ns. Short FLTs are important for imaging physiological processes of short duration. The potential to multiplex information is pertinent here because many of the sensors emit light within similar spectral range but have distinct FLTs. Conceivably, imaging the distribution of multiple electrolytes in a region of interest could shed light on the spatiotemporal interactions between the ions as a function of specific biological activity.
3.2.2.3. Oxygen Species-Responsive Phosphorescence Lifetime Molecular Imaging Probes. Oxygen and its derivatives play an important role in the normal functioning of the body. Certain molecules can emit phosphorescence following electronic transition from singlet to triplet states via intersystem crossing. Phosphorescent molecules are characterized by long excited triplet state lifetime, ranging from 500 ns to hundreds of microseconds. Perturbation of the long-lived lifetime by oxygen species has been used to monitor tissue oxygenation. For example, significant changes in the phosphorescence lifetime of ruthenium complexes (ex/em: 510−580/ 702−807 nm), 66 pyrenes (ex/em: 336/380 nm), 67 palladium-(II)-meso-tetraphenyltetrabenzoporphyrin in O 2 -permeable poly(styrene-co-acrylonitrile) microparticles (ex/em: 444/797 nm), 68 and mitoImage-NanO 2 and mitoImage-MM2 (ex/em: 405/650 nm) upon interaction with molecular oxygen have been used to image oxygen distribution and tissue hypoxia.
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The phosphorescence lifetimes of these molecular probe− lanthanide complexes (ex/em: 310−400/500−750 nm) have been used to determine singlet oxygen via phosphorescence lifetime imaging. 70 Some specialty molecular probes have been developed for photoluminescence lifetime imaging of hydrogen peroxide and nitric oxide. 71, 72 Cellular and tissue FLT imaging of these species is still evolving, and progress will benefit from the development of molecular probes that respond rapidly and specifically to oxygenation changes or the presence of high levels of reactive oxygen species and free radicals in heterogeneous mediums.
3.2.3. Physical Environment-Responsive FLT Molecular Probes. Several physical factors can alter the FLT of molecular probes. When these changes are predictable and reproducible, FLT imaging can report the status of these factors in cells and tissue. We summarize below a few studies that used the FLT technique to determine the physical microenvironment of cells.
3.2.3.1. Temperature-Responsive FLT Molecular Imaging Probes. Molecular probes with rotatable group typically serve as FLT sensors of local temperature. For example, the increased rotational motion of a freely rotatable N-ethylenic group in the dye Rhodamine-B (ex/em: 540/625 nm) leads to high nonradiative decay at elevated temperature. Reproducible decrease in the FLT of this molecular probe from ∼2.25 ns at 10°C to ∼0.25 ns at 95°C was observed. 73 Application of FLT to image intracellular temperature was recently demonstrated using a fluorescent polymeric thermometer (ex/em: 456/565 nm). 74 Changing the temperature of the cellular medium from 28 to 40°C increased the FLT from 4 to 7.5 ns while maintaining excellent 0.18−0.58°C temperature resolution at 200 nm spatial resolution in cells ( Figure 6 ). This imaging platform could become useful for guiding the thermal treatment of diseases such as cancer and for monitoring tissue metabolism in the resting state or after exercise.
3.2.3.2. Viscosity-Responsive FLT Molecular Imaging Probes. The intracellular microenvironment is highly heterogeneous, as reflected by differences in the viscosity of various compartments, ranging from the more fluidic cytosol to highly viscous membranes. A special class of fluorescent molecules known as molecular rotors is widely used to determine the viscosity of biological mediums. 75 Upon absorption of light, these fluorophores can decay by a conventional S 1 to S 0 fluorescence pathway or undergo nonradiative intramolecular twisting, which leads to a decrease in fluorescence. As the medium becomes more viscous, fluorescence instead of intramolecular rotation becomes the preferred deactivation pathway for the excited fluorophore, leading to the enhancement of fluorescence intensity. By calibrating the change in fluorescence as a function of the medium's viscosity, molecular rotors provide an excellent method to report viscosity of cellular compartments using fluorescence microscopy. 76 In addition to viscosity response, fluorescence intensity can be altered by changes in the fluorophore concentration, excitation light power, and light interaction with biomolecules. To minimize variability, quantitative viscosity measurements using intensity readouts have been achieved by using a ratiometric approach consisting of measuring the fluorescence of a viscosity-insensitive dye and viscosity-sensitive molecular rotor. 77 However, this approach requires the synthesis and conjugation of another fluorophore to the rotor, creating a new entity with different intracellular distribution and retention properties. In contrast, fluorescence lifetime measurement of molecular rotors allows quantitative viscosity measurements to be performed without encountering the inherent limitations of intensity technique or the need for complex synthesis of multifluorophore systems. Direct conjugation of the fluorophores to a biomolecule will suffice to interrogate diverse intracellular mediums. Example includes membrane FLT sensors, which have been developed based on viscosity response (Figure 7) . 78 In another recent work, using a fluorescent photoinduced electron transfer process to alter the FLT of a molecular probe (ex/em: 370/550 nm), Liu et 
FUTURE DIRECTIONS
Fluorescence intensity measurements will continue to be widely used for routine biological assays and imaging. However, the emergence of imaging systems that are capable of extracting FLT parameters from fluorescence data provides a new dimension in data analysis. As a complementary parameter, the FLT can provide functional information that may not be available from intensity measurements alone. Another exciting feature of FLT imaging is the potential to multiplex information using diverse molecular probes with similar excitation and emission spectra but significantly different FLTs. Furthermore, biological events such as enzymatic activities or acidic pH environment could change fluorescence intensity at the same wavelength, making it difficult to delineate the effects of differences in the local concentration of the molecular probe from the functional status of the molecular target in tissue. By designing molecular probes that can transform to different fluorescent states, changes in the fractional contribution of each FLT to the average FLT could be used for functional imaging. A pressing problem is the limited availability of FLT responsive molecular probes for biological imaging. In particular, the trend toward deep tissue imaging with NIR light will benefit from the development of molecular probes with programmable FLTs in this region. To minimize interference from endogenous fluorophores, exogenous molecular probes with FLTs greater than 8 ns are preferred. However, very long FLTs will require long data acquisition time, which may not be suitable for interrogating biological activities on short time scales.
CONCLUSIONS
The past decade has seen unprecedented progress in the use of optical imaging to interrogate cellular processes and pathophysiologic conditions in cells and small animal models of human diseases. Efforts to translate these preclinical methods to human patients have increased. Although most of these methods rely on fluorescence intensity measurements, unique or complementary information can be derived from the intrinsic or exogenous FLT of fluorophores. Particularly, the lower dependence of FLTs on the fluorophore concentration can minimize imaging artifacts and provide reproducible data over long imaging periods. In addition, the FLT of some molecular probes changes as a function of their microenvironment, facilitating their use to determine the impact of environmental factors in pathophysiology. As newer and intentionally designed molecular probes for sensing specific molecular processes become available, we expect an acceleration in the adoption of this technique in biological imaging. Similarly, molecular probes with distinct but stable FLTs are needed to realize the full potential of using FLT for information multiplexing. Although we did not discuss FLT instrumentation in this review, progress in FLT imaging platforms strongly depends on the availability of imaging systems with high temporal resolution, fast data acquisition time and analysis, and high spatial resolution for both cellular and deep tissue imaging applications.
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